In this paper, a method for reducing unspring mass as well as improving safety and ride properties of vehicles driven by in-wheel motors will be provided. To begin with, the advantages of vehicles armed with in-wheel motors will be described, after which some drawbacks of this idea will be studied. Then, to getting a better analysis, quarter car model will be studied in frequency domain. Gain of body acceleration and wheel dynamic load, which can be equal to ride property and safety performance respectively, will be compared. Finally, an idea that makes the drive motor suspend will be proposed for enhancing the two properties and then a LQG controller will be provided for further optimization. Through the comparison in time domain and frequency domain, one can come to a conclusion that vehicles driven by suspended motors not only simplified the structures but also can be used as an absorber for vibration reduction.
INTRODUCTION
Scarcity of fuel has brought in great concerns to us today. Gasoline, which has been the major power source of classical vehicles for decades, got its price soaring up year by year, which results in an unstoppable trend of conventional cars being replaced by vehicles powered not by gasoline but other new energy, such as Electric Vehicles. However, the cost of devices of Electric Vehicles is always considerable. In-wheel motor Electric Vehicle present us a practical way of designing an Electric Vehicle with its cost reduced and at the same time performance improved compared to traditional vehicles, also this structure is likely to be the ultimate form of EV design [1, 2] . Vehicles manufactured in this way need not to be armed with complex gearbox, heavy transmission shaft etc., the drive torque can be controlled directly by the motor. The performance of inwheel motor Electric Vehicle is likely to perform better compared with that of classical vehicles once a good control system is invented [3] [4] [5] . The advantages of Electric Vehicles driven by in-wheel motors(MEV) did not stop there. Motor could recover energy from Kinetic Energy of Electric Vehicle during braking, which is remarkably valuable for future use [6] . Motor can unleash torque very quickly and accurately. The value of torque with this feature, do be demonstrated by some researchers [7] . Motorized Electric Vehicles can assist steering by differentiating torque to the left and right wheel motors [8] , which in turn lower the hand toque burden without additional devices(like EPS). The basic scheme of MEV can be simplified as Fig. (1) . The driver motion signal, generated by the driver, is converted to the reasonable torque of the in-wheel motors that attached to *Address correspondence to this author at the State Key Laboratory of Automotive Simulation and Control, Jilin University, Changchun 130022, China; Tel: +86-18686538629; E-mail: lijianhuajlu@163.com each wheel by the motor controller through the electronic control unit(ECU). It is, however, the unspring mass of this kind of structure is added because of the motor attached to the wheels. Seen from Fig. (2) , which is a test of in-wheel motor that used in Bora(a car from Volkswagen). The mass of this motor nearly the same as the wheel. The safety and ride property will be deteriorated based on that reason. To solving the problem, a method that make the motor suspend is researched by LiQiang Jin [9] , yet the study did not give out a idea how to suspend, besides no appropriate control law was provided in terms of the ride and safety properties. Researches on this theme are also rarely. In this study, vehicle vibration properties in time domain and frequency domain will be analyzed, after which a layout method will be provided to solve the problem of unspring mass increasing, then an active LQG control strategy will be proposed for a better improvement. From the comparison of simulation results, the solution provided in this paper is confirmed to have the ability to enhance ride property and safety of vehicles driven by in-wheel motors.
STRUCTURE OF VEHICLES DRIVEN BY IN-WHEEL MOTORS AND DRAWBACK ANALYSIS
To have a better understanding of the structure, a simplified vibration model will be provided as Fig. (3) . Fig.  (3a) shows the vibration model of classical car without inwheel motors, while Fig. (3b) shows the simplify of scheme in Fig. (1) . The model is widely used in analyzing vehicle vibration problems. The dynamic equations of the vehicle suspension system will derived though Newton law as:
where m 1 is the mass of the wheel, namely, unspring mass; m 2 is the body mass, while m 3 stands for the mass of the motor; k 1 is the stiffness of the tire, while k 2 is the stiffness of vehicle suspension; c 2 stands for the damper factor of suspension; s 0 is road excitation; s 1 and s 2 are the displacement of suspension and body respectively.
For Fig. (3b) , the equations are similar, just has an increase of m 1 in Eq. (1) . Then use sine function as road excitation to carry out an analysis in frequency domain, the frequency of sine function will be added in step. The parameters are listed in Table 1 As shown in Figs. (4, 5), compared to classical cars, owing to the mass of the attached motors, vehicles driven by in-wheel motors will maintain a larger wheel dynamic load, which will leads to a bad fluctuation of the tire contact force and, thus, may induce a terrible accident. Still, we can find the body acceleration of motorized vehicle is a little bigger than classical cars, which means that the ride performance of motorized vehicles is not as good as the classical one.
A NOVEL LAYOUT SCHEME AND LQG CONTROL ANALYSIS

Layout Scheme to Reduce Unspring Mass
In this section, a novel fix method is provided as Fig. ( 6) to solve the problems above [14] . As shown in the scheme, the driving motor is suspended by a damper and a spring on the driving axle of the vehicle, vehicles will driven by the motor through a pair of bevel gears. This kind of layout idea not only separates the motor from unspring mass, but also saves layout room in the vehicle. In addition, we may get a better performance if a good control method is provided. The simplified scheme is shown in Fig. (7) . Where s 3 is the displacement of motor; k 3 is the spring mass, while U is the active control force that generated by actuator; m 3 stands for the motor mass, other meanings of the parameters are the same as Table 1 . Fig. (7) can be derived based on Newton law:
Then vibration equations of
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LQG Control Method of Suspended Motors
Optimal method is a useful tool that is widely used to optimize the vehicles' performance [10] [11] [12] . The differential Equations above can be expressed as state-space form based on optimal LQG control theory:
where,
, is the state variables in the suspended motor system.
, is the desired output variables in the suspended motor system, the meanings of the variables in Y can be described as body acceleration, dynamic deflection of suspension, wheel dynamic load, dynamic deflection of motor, motor acceleration respectively. The parameters of Y can be regarded as evaluation standards, which can show whether a vehicle suspension systems are designed good or not. The value of 
The objective function of the system then can be expressed as following based on the optimal control theory [10] :
Then Eq .(12) will be transformed to the Standard quadratic form, which can be deduced as:
where, Q is the weighting matrix of state variable, R is the weighting matrix of control force, N is weighting factor of cross variables. The value of these parameters can be obtained by the following equations:
In which,
Then, a command in matlab software will be used to get the feedback gain matrix K: 
With different weighing factors of qi, one can get different control force.
SIMULATION RESULTS AND ANALYSIS
The simulation tests will be carried out under Matlab/Simulink circumstance. First and foremost, the results generated from frequency domain analysis will be compared. Finally, the work will be taken in time domain, in which a general road model will be introduced. The value of weighing factors in this article can be seen in Table 2 . 
Frequency Analysis
Analysis in the frequency domain can illustrate the performances of a system in all kinds of working conditions [9] . In the frequency domain, working conditions of vehicles are always under 15 hz generally, which is equal to 100 rad/s. Then the results can be showed as Figs. (8-10) .
Seen from Figs. (8-10) . The main parameters, namely, the body acceleration, wheel dynamic load as well as the dynamic deflection under LQG controller are smaller than that of the unsuspended motorized vehicle. Specifically, the reduce of wheel dynamic load is very large, which means that the one under control with motors suspended performed very well in safety property. In addition, the ride performance of the one under control also better than the one unsuspended.
Analysis in Time Domain
A random road with B level will be built as a extinction which can simulate real work conditions [13] . In general, methods for building a random road surface input can be known as linear filtering method and harmonic superposition method. Here we use the previous one thanks to its simplicity and accuracy. The main idea of this way is to get values obtained filter by calculating and processing the power spectrum on the road, after which the computergenerated normal random number road waveform is obtained by the filter. The equation is as follows:
S 0 (t) is equal to W in the state-space form as Eq. (5), where, f 0 =0.0628 Hz stands for offline cutoff frequency, S 0 (t) is the road input value, w(t) can be replaced by a white noise whose intensity is 1, u is vehicle speed, G q (n 0 ) is road roughness coefficient, which is a constant decided by road conditions. For road of B level, G q (n 0 ) = 64×10 -6 m 3 . The road input at 60 km/h is shown in Fig. (11) .
The results analysis of time domain can be listed as:
Figs. (12, 14, 16 ) are the comparison of judgment parameters, while Figs. (13, 15, 17) are the spectrum density analysis of the parameters under B level road respectively. With the LQG controller, one can find that not only the wheel dynamic load was sharply reduced, but also the body acceleration has a reasonable decrease. The dynamic deflection of suspension systems has a very small drop. It is evident that one can come to a conclusion that the motor suspended one always enjoy better properties in safety and ride than the one unsuspended without control. Fig. (8) . Gain of body acceleration. Fig. (17) . Comparison of PSD curve on dynamic deflection. 
CONCLUSION
To sum up, structure of vehicles driven by attached motors is described, then the merits and drawbacks of this drive method are listed. As shown in Figs. (4, 5) , the ride and safety properties are deteriorate, although the motorized electric vehicle has a compact structure. To solve the increase of unspring mass of attached motors, an idea that make the motor suspended is provided as Fig. (6) , after which a optimal LQG control law is proposed on the suspended motors. By the comparisons both in time domain and frequency domain, shown in Figs. (8-17) , it is evident that the value of body acceleration in vehicles with suspended motors is smaller than the motor attached structure; the wheel dynamic load in the suspended one is also smaller. From the discussion above, we can easily come to a conclusion that vehicles driven by suspended motors armed with LQG active controller not only make vehicle structure simple, but also can be taken as an absorber in reducing body acceleration and improving tire attach force. The usage of this structure is good for enhancing ride and safety properties of electric vehicles driven by in-wheel motors, which will have practical values in the future.
